We perform photoinduced inverse spin-Hall effect (ISHE) measurements on a Pt/Ge(001) junction at room temperature. The spin-oriented electrons are photogenerated at the Γ point of the Ge Brillouin zone using circularly-polarized light. After the ultrafast Γ − L scattering in the Ge conduction band, electrons diffuse into the Pt layer where spin-dependent scattering with Pt nuclei yields a transverse electromotive field E ISHE . The ISHE signal dependence as a function of the incident photon energy is investigated and interpreted in the frame of a one-dimensional spin drift-diffusion model. This allows estimating the electron spin lifetime at the L-valleys to be τ s = 1 ns.
The study of spin injection and transport in semiconductors lies at the core of spintronics.
1 An efficient tool to generate spin populations in semiconductors is represented by optical orientation. 2 In this technique, dipole selection rules for optical transitions with circularly-polarized light allows for the injection of a spin-oriented electron population in the conduction band of the semiconductor with a spin polarization P = (n ↑ − n ↓ ) / (n ↑ + n ↓ ), being n ↑(↓) the up-(down-) spin densities referred to the quantization axis given by the direction of light propagation in the material.
Spin-orbit interaction plays a fundamental role in this process, removing the energy degeneracy between heavy and light holes (HH and LH) states and split off (SO) states at the Γ point of the semiconductor Brillouin zone. A net electron spin polarization is then achieved when the photon energy is tuned to the direct bandgap and electrons coming only from HH and LH states are promoted to the conduction band.
The first demonstration of optical orientation was done in Si:
3 however, the small energy splitting ∆E so = 44 meV between HH-LH and SO states at Γ and the indirect nature of the Si electronic gap have prevented further optical investigations on bulk Si and promoted, on the other hand, many studies on Ge and GaAs, which are characterized by a higher spin-orbit interaction (∆E so = 0.29 and 0.34 eV for Ge and GaAs, respectively). In this materials optically-injected spin currents can reach spin polarization values up to 50% in bulk semiconductors [4] [5] [6] [7] [8] or even larger in semiconductor nanostructures.
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In this respect it would be highly desirable to implement the control of the spin degree of freedom in Gebased heterostructures, which can be integrated on the common Si-based electronics platform. In bulk Ge the energy difference between direct (E d = 0.80 eV) and indirect (E i = 0.66 eV) bandgap is only 140 meV at room temperature. This means that electrons photo-excited close to the Γ point undergo a fast thermalization to the L-valleys within about 300 fs so that the electron transport in Ge generally occurs at the indirect gap. 17 The a) Electronic mail: federico.bottegoni@mail.polimi.it Γ − L scattering partially preserves the initial electron spin, as observed in low-temperature spin-resolved photoluminescence measurements. 18 Moreover, in the past years, spin pumping experiments at room temperature have demonstrated the possibility to achieve spin accumulation in the Ge conduction band, 19 which can be consequently detected inside Ge by means of inverse spinHall effect. 20 The relatively long electron spin-lifetimes, predicted 21, 22 and experimentally measured [23] [24] [25] [26] in Ge, together with the quasi direct bandstructure of Ge, make this material a promising candidate for the implementation of devices where spins are optically injected and electrically detected.
In the following, we will show that an optically-injected spin current can be generated in the Ge conduction band and detected by means of a thin Pt layer, grown on top of the bulk Ge substrate. Spin polarized electrons entering the Pt film from the semiconductor undergo spindependent scattering events which result in transverse electromotive field E ISHE at the edge of Pt, a process known as inverse spin-Hall effect (ISHE). 27 We will discuss the photon energy dependence of the ISHE signal by exploiting a one-dimensional spin-drift diffusion model which allows for the estimation of the electron spin lifetime at the L-valleys.
The sample structure together with the experimental geometry are sketched in Fig. 1a . A l x × l y = 5 × 5 mm 2 4 nm-thick Pt layer is deposited by e-beam evaporation on a 450 µm-thick As-doped Ge(001) substrate (N D = 1.7 × 10 16 cm −3 ). Two 50 nm-thick Au/Ti contacts are evaporated at the edges of the Pt layer in order to measure the electromotive force produced by the ISHE process in Pt.
ISHE measurements were performed at room temperature. The sample was illuminated with a collimated monochromatic beam with a spot size d ≈ 4 mm from a Ti-sapphire tunable laser, which provides photons in the spectral range from 1.2 to 1.8 eV. Two CW lasers were used for ISHE measurements at 1 and 0.8 eV excitation energy. We exploited a photo-elastic modulator (PEM) operating at 50 kHz to modulate the light circular polarization. The differential electromotive force ∆V between the two Au electrodes (see Fig. 1a ) was de- tected by a lock-in amplifier. The sample was mounted on a multi-axial stage, which allowed the rotation of the sample around the polar angle θ and the azimuthal angle ϕ, defined in Fig. 1a .
The optical orientation process generates spinpolarized electron-hole pairs around the Γ point of the Brillouin zone. Due to the fact the the hole spin lifetime is in the fs range, 29 it is a good approximation to consider the holes completely depolarized right after the photocreation, so that most of the spin current density J s , flowing into the Ge substrate, is carried by spin-oriented electrons. Moreover, due the optical orientation process does not inject any net charge in the semiconductor, but the two electron spin populations are unbalanced, a pure spin current is generated into Ge. As a consequence of the ultrafast Γ − L scattering in the Ge conduction band, spin-oriented electrons diffuse along the L-valleys toward the Pt layer. The Pt/Ge interface has been electrically characterized by measuring the I-V curves (not shown) from a similar Pt/Ge junction, where an ohmic AgSb back contact was grown on the Ge substrate. The height of Schottky barrier is E B = 0.62 eV, as indicated in When entering the Pt layer, spin-oriented electrons scatter with Pt nuclei: as a consenquence, a transverse voltage difference ∆V is measured at the edges of the Pt film, where ∆V = E ISHE · d and E ISHE = D ISHE (J s × P), 27 being D ISHE a constant representing the efficiency of the ISHE process. Due to the fact that J s can be assumed to be perpendicular to the Pt/Ge interface and we can detect only the component of E ISHE along the y-axis (which is the direction connecting the two Au/Ti contacts), the Pt/Ge junction is illuminated at grazing incidence in order to maximize the P x component of the photoinduced spin polarization vector P (see Fig. 1a) . Indeed, the spin-related origin of the detected voltage difference ∆V can be verifed by varying the P x component of the interfacial plane projection P xy . Fig. 2a shows the ∆V dependence as a function of the angle θ for ϕ = 0, an incident photon energy hν = 1.77 eV and an incident power W = 230 mW. A noise voltage slightly lower than 100 nV, identified by the error bars, was detected for all the experimental points. The maximum ISHE signal ∆V = 0.6 µV is obtained for θ = 65°, in agreement with photoinduced ISHE measurements of Ref. 30 . The θ-dependence of the ISHE signal can be completely explained considering a multilayer optical analysis on the Pt/Ge junction. Indeed ∆V (θ, ϕ) ∝ t s t p cosβ cosϕ tanθ, 30,31 being t s(p) the Fresnel coefficient of the s(p)-polarized light and β the angle between the light propagation wavevector inside the Ge substrate and the normal to the sample surface. Taking into account an incident photon energy hν = 1.77 eV, we have exploited the Fresnel coefficients of Refs. 32 and 33 for Pt and Ge, respectively. In this case, it is possible to directly calculate the dependence of ∆V on θ (black dashed line in Fig. 2a ) and ϕ (black dashed line in Fig. 2b ) in order to compare the calculated behaviour to the experimental dataset in Fig. 2 . We found a fair agreement between the theoretical calculations and the experiments, which ensures the spin-related origin of the measured signal. photon energy in the 0.8-1.8 eV range. The behaviour of ∆V nicely resembles the dependence of the electron spin polarization P as a function of the incident photon energy. 7, 8, 35 The maximum ISHE signal is obtained for hν = 0.8 eV, i.e. when the photon energy is resonant to the Ge direct gap, which indeed corresponds to the maximum initial electron spin polarization P = 50%.
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A sharp decrease is instead detected when approaching hν = 1.1 eV due to the fact that excitation energies well above the split-off threshold are achieved. 34, 36 Then, the further decrease, obtained when hν > E d + ∆E so , is consistent with the strong decrease of the electron spin polarization P.
The hν-dependence of the experimental data can be explained by taking into account a one-dimensional spindrift diffusion model. 37 In this respect, we have numerically solved the spin drift-diffusion equations for spin and charge at the Pt/Ge Schottky junction. 38 Under the approximation that only electrons are polarized and defining the spin density s = n ↑ − n ↓ , the spatial distribution of s and J s can be described through the equations
The electric field E (x), hole density p (x) and the intrinsic generation-recombination rate w (x) can be calculated by numerically solving the coupled Poisson driftdiffusion equations 39 for electrons-holes pairs, which are photocreated by the incident photon flux. The electron mobility µ n , diffusion coefficient D n and Shockley-ReadHall recombination parameters, which are used for the calculation of w(x), correspond to typical values, also exploited for micro-electronic device simulations. 40 The absorption coefficient α and initial degree of electron spin polarization P are obtained from Refs. 33 and 35. Eqs. 1 describe the spin density s and the spin current density J s profile along the axis perpendicular to tha sample surface under steady-state conditions at the L-valleys of Ge, considering all the electrons thermalized. It is then assumed that the electron spin lifetime τ s , which represents a free parameter in the solution of Eqs. 1, does not depend on hν. Furthermore the value of the spin polarization P after the Γ − L scattering has been considered equal to the initial spin polarization. 41 It is interesting to point out that a simplified solution of Eqs. 1 can be written as:
where e is the electron charge, Φ the photon flux and L s = √ D n τ s the spin diffusion length. At this point it is noteworthy to compare (see Fig. 3b ) the experimental data of Fig. 3a and the spin current density J s (which is proportional to the detected signal ∆V ) at the Pt/Ge interface, as obtained from Eqs. 1 (calc. in Fig. 3b ) and Eq. 2 (simp. calc. in Fig. 3b ) with the choice τ s = 1 ns. The fair agreement between the calculations and the experiments indicates that the simple one-dimensional drift-diffusion model above is able to highlight the fundamental issues of spin transport at the L-valleys of Ge.
The reason why J s (or ∆V ) reproduces the energy dependence of the electron spin polarization P can be understood considering the simplified solution of Eq. 2, where it is basically assumed that all the spin-oriented electrons, generated within L s from the Pt/Ge interface, are injected into the Pt layer without any spin relaxation. Within the whole investigated energy range αL s 1: this means that all the photogenerated spins can reach the Pt/Ge interface whithout completely depolarizing, so that the decrease of the ISHE signal is only dictated by the energy dependence of the spin polarization profile.
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This also explains the fact that the simplified model better reproduces the experimental data for hν ≈ E d , where most of the photoexcited spin-polarized electrons are created outside the depletion region.
In summary, we have shown that the optical orientation process can generate at room temperature a pure spin current in bulk Ge, which can be further detected through inverse spin-Hall effect by using a thin Pt layer. The dependence of the ISHE signal as a function of the incident photon energy has been explained in the frame of a one-dimensional spin-drift diffusion model, allowing the estimation of the electron spin lifetime at the L-valleys of Ge τ s = 1 ns. These results provide an important contribution for the development of Ge-based devices exploiting photoinduced spin currents.
